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We report on the realization of a transversely loaded two-dimensional magneto-optical trap serving
as a source for cold strontium atoms. We analyze the dependence of the source’s properties on various
parameters, in particular the intensity of a pushing beam accelerating the atoms out of the source.
An atomic flux exceeding 109 atoms/s at a rather moderate oven temperature of 500 ◦C is achieved.
The longitudinal velocity of the atomic beam can be tuned over several tens of m/s by adjusting
the power of the pushing laser beam. The beam divergence is around 60 mrad, determined by the
transverse velocity distribution of the cold atoms. The slow atom source is used to load a three-
dimensional magneto-optical trap realizing loading rates up to 109 atoms/s without indication of
saturation of the loading rate for increasing oven temperature. The compact setup avoids undesired
effects found in alternative sources like, e.g., Zeeman slowers, such as vacuum contamination and
black-body radiation due to the hot strontium oven.
PACS numbers: 37.10.-x, 37.20.-j, 03.75.Be
I. INTRODUCTION
Two-electron atoms, with the particular example of
strontium, provide unique features for applications in
modern atomic physics. Due to the existence of narrow
intercombination lines, they have been successfully used
in ultrahigh-precision metrology, e.g., in the realization
of the state-of-the-art optical clocks, with an uncertainty
down to the level of 10−18 [1, 2]. There has also been in-
creasing interest in ultracold two-electron systems in the
fields of quantum gases [3–6], quantum simulation [7–
10], quantum information [11, 12], ultracold molecules
[13, 14], and ultracold Rydberg atoms [15–17]. For the
latter application the additional degrees of freedom of-
fered by two active electrons are of importance in Ryd-
berg autoionization [18], optical dipole trapping of Ryd-
berg atoms [19] and Rydberg imaging [20, 21].
Owing to the advances of laser cooling and trapping,
magneto-optical traps (MOTs) have become a standard
technique to prepare atomic ensembles at ultralow tem-
peratures. Generally, either Zeeman slowers [22, 23] or
two-dimensional magneto-optical traps (2D-MOTs) (in-
cluding its variants [24–26]) are commonly used for the
initial loading stage of the trap. Compared to a Zeeman
slower which requires a dedicated design of the magnetic
field configuration and substantial effort in engineering
the coil structure, the 2D-MOT is usually preferred due
to its more compact size and higher degree of control. A
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large variety of vapor-cell 2D-MOT designs have been
reported in literature. As an example, the vapor-cell
variant of a 2D-MOT source is widely used as a load-
ing source for, e.g., rubidium [26–28], cesium [25, 29, 30],
potassium [31] or mercury [32, 33] MOTs owing to the
relatively high vapor pressure of these elements at room
temperature.
However, for elements with high melting temperatures,
such as the alkaline-earth-metal atoms, a vapor-cell 2D-
MOT design can hardly be realized (for a vapor-cell 3D-
MOT see [34]). An alternative is offered by transversely
loaded 2D-MOT sources [35–37]. Unlike the vapor-cell
2D-MOT, which is isotropically loaded from a uniform
background vapor, the transversely loaded 2D-MOT cap-
tures an atomic beam effusing from a high-temperature
oven. Transversely loaded 2D-MOTs are successfully
demonstrated for lithium [35] and sodium [36] in a com-
pact design, which combines a small distance between the
oven and trapping area (typically 10 cm) with permanent
magnets for producing the required 2D quadrupolar mag-
netic field. Following up on the seminal work of Tiecke et
al. [35] and Lamporesi et al. [36] for alkali-metal atoms,
as well as Do¨rscher et al. [37] for ytterbium, here we
present the realization of a compact, transversely loaded
2D-MOT source for cold strontium atoms.
We characterize the 2D-MOT source by implement-
ing a time-of-flight (TOF) measurement and fluorescence
imaging. We measure an atomic flux exceeding 109 s−1
for 88Sr at a rather moderate oven temperature of 500 ◦C.
No saturation of the flux for increasing oven tempera-
tures is observed, which implies that the total atomic flux
can be even larger at higher oven temperatures. The di-
vergence of the atomic beam is measured to be around
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260 mrad, which is larger than the divergence of 2D-MOTs
using alkali metals. We find that the divergence of the
atomic beam is mainly determined by the larger trans-
verse velocity distribution of Sr atoms in the 2D-MOT,
which corresponds to a temperature of 5 mK, thus larger
than achievable temperatures for alkali-metal atoms. In
Section II we provide an overview over the apparatus and
laser system. Section III is devoted to the characteriza-
tion of the cold atomic beam emerging from the source.
The loading of Sr atoms into a 3D-MOT is described in
Section IV. Section VI contains concluding remarks on
future improvements and a comparison of our source to
alternative approaches.
II. 2D-MOT SETUP
A. Vacuum chamber
The schematic of our experimental setup is shown in
Fig. 1. A strontium oven is located at the bottom (z di-
rection) of a custom-made multiway cross vacuum cham-
ber (LEOSolutions). Hot strontium atoms evaporated
from the oven are cooled and trapped in the center of
the multi-way cross vacuum chamber by a perpendicu-
lar pair of retroreflected laser beams. A weak laser beam
(pushing beam) propagating along the x direction pushes
atoms in the 2D-MOT to a small orifice separating the
source chamber from a subsequent UHV chamber hosting
the 3D-MOT (not shown). The 2D quadrupole magnetic
field is generated by four stacks of permanent magnets,
which also creates a magnetic-field gradient along the
propagation direction of the hot atomic beam. Such a
magnetic field design enables one to implement an auxil-
iary Zeeman slower by applying an additional laser beam
through a viewport opposite to the strontium oven, as
first demonstrated in Ref. [36]. A differential pumping
section is inserted to isolate the vacuum chamber from
the UHV chamber, which has an inner diameter of 2 mm
with a length of 22.8 mm. Its entry has no direct line of
sight to the oven, and no clogging of the tube is noticed
by observation through the pushing beam viewport.
The entire apparatus follows a very compact design.
The distance from the strontium oven aperture to the 2D-
MOT trapping region is only 125 mm [see Fig. 1 (center)],
and is thus significantly smaller than the typical length of
strontium Zeeman slowers (∼ 300 mm) [23, 38]. The ab-
sence of coil to generate magnetic fields greatly simplifies
the setup. A small yet efficient ion getter pump (SAES
Getters, NEXTorr D 200-5) is mounted to maintain the
system vacuum pressure below 10−10 mbar when the Sr
oven is not heated (∼ 2 × 10−10 mbar at 465 ◦C). We
note that a very compact integrated solution of stron-
tium Zeeman slower source is offered by AOSense (see
Supplementary Materials of Ref. [39]).
In most strontium Zeeman slowers, the oven tempera-
ture has to be ramped up to ∼ 550− 600 ◦C to achieve a
sufficient atomic flux because of the rather high melting
point of strontium. In addition, to reduce the atomic
beam divergence, an array of hundreds of microtubes
is frequently mounted in the oven aperture to enhance
the atomic beam collimation. However, in the case of
our 2D-MOT approach, the strontium oven is operated
in the temperature range between 450 and 510 ◦C with-
out a microtube array, due to the closer distance to the
trapping area. The oven is a simple cylinder with an
aperture of 16 mm diameter, where 5 g of strontium with
natural abundance (99.99% purity; Sigma & Aldrich) are
deposited. It is heated to 465 ◦C for the measurements
presented in this paper, if not stated otherwise. To avoid
coating of the viewport for the auxiliary Zeeman slower
by the flux of hot strontium atoms, the window, made of
sapphire crystal, is permanently heated to 330 ◦C. Yet,
we still observe slight degradation of the laser transmis-
sion through this window in the course of several months
of operation.
To create the required 2D axial symmetric quadrupo-
lar magnetic field, N35 neodymium (Nd2Fe14B) magnets
are used. Each single piece of the magnet has dimen-
sions of 25 mm × 10 mm × 3 mm and a magnetiza-
tion of 6.6(1) × 105 A/m along the shortest dimension.
As shown in Fig. 1, four stacks of permanent magnets
are located symmetrically around the chamber, with a
distance of 75 mm and 88 mm in x and z directions, re-
spectively. Each stack consists of nine magnets glued to-
gether. The magnetization axes of the two upper stacks
(positive y direction) point against the two lower stacks
(negative y direction). The resulting field is sketched in
Fig. 2 of Ref. [36]. With such a configuration, the perma-
nent magnets can generate a quadrupole magnetic field
for 2D-MOT cooling beams up to 50 G/cm (for the spe-
cific configuration given above, the gradient amounts to
34 G/cm in the trapping area).
In addition, they also produce a gradient magnetic
field (∂By/∂z) in the z direction for an auxiliary Zeeman
slower. However, because the magnetic field is point-
ing towards the y direction, only half the power of the
Zeeman slower beam can actually be used for decelera-
tion since its linear polarization is oriented along the x
direction. There are two regions of the magnetic field
topology allowing for the Zeeman slower, as labeled 1©
and 2© in Fig. 1 (right). The magnetic field gradient is
around 15 G/cm in the region 1© and it is twice as large
in the region 2©.
B. Laser system
Figure 2(a) shows the relevant energy levels of bosonic
strontium isotopes for laser cooling and trapping. Unlike
alkali-metal atoms, bosonic isotopes of alkaline-earth-
metal atoms have no nuclear spin so that there is no
hyperfine structure. Therefore, the singlet transition of
5s2 1S0 → 5s5p 1P1 (461 nm) represents an almost per-
fect realization of a two-level system serving as an effi-
cient cycling transition for laser cooling, with only a weak
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FIG. 1. (color online) Schematic of the experimental setup for the transversely loaded 2D-MOT. Left: Experimental setup.
Hot strontium atoms effusing from the oven in the bottom of the setup are cooled and trapped in the center of the multiway
cross vacuum chamber by a perpendicular pair of retroreflected cooling beams. Atoms in the 2D-MOT are pushed to a UHV
chamber (not shown) where they are further loaded into a 3D-MOT. A Zeeman slower beam (optional) is used to decelerate
hot strontium atoms through the top viewport of the setup. Heated parts of the setup are highlighted in red. The vacuum of
the setup is maintained by an ion getter pump. Center: Zoom-in of the highlighted rectangle in the left part. Four stacks of
permanent magnets are used to generate the 2D quadrupolar magnetic field. A differential pumping tube is located between the
2D-MOT vacuum chamber and the UHV chamber for vacuum isolation. Right: Magnetic field along the z direction. The red
shaded area depicts the strontium oven, while the blue shaded area represents the 2D cooling beams. For Zeeman deceleration,
either region 1© or 2© can be used.
spontaneous decay channel to the 5s4d 1D2 state. As the
spontaneous decay rate of 5s5p 1P1 is Γ/2pi = 32 MHz,
the associated Doppler temperature (770µK) is higher
than that of, e.g., rubidium (146µK).
Due to the small loss rate (∼ 100 Hz) from the decay
channel, i.e., 5s5p 1P1 → 5s4d 1D2 → 5s5p 3P2, where
5s5p 3P2 is a reservoir state with a lifetime on the order of
100 s, laser beams to repump population into the cooling
cycle are generally not necessary for the strontium 2D-
MOT. However, applying repumping light can play an
important role in prolonging the lifetime of a 3D-MOT
(see Sec. IV) or by recollecting atoms in the reservoir
state magnetically trapped by the MOT field [34, 41].
Accordingly, we use a repumping laser (Toptica, DL 100)
to address the transition 5s5p 3P2 → 5p2 3P2 at 481 nm
to increase the lifetime of the 3D-MOT [41, 42]. An order
of magnitude increase of the atom number is observed in
our experiment.
We use a Ti:sapphire laser and a frequency doubler
(MSquared, SolsTiS and ECD-X) to generate the blue
laser light for the cooling transition at 461 nm. The
laser system typically delivers a power of 500 mW af-
ter the frequency doubler. For frequency stabilization,
the Ti-sapphire laser light at 922 nm is coupled to a
high-accuracy wavemeter (High Finesse, WSU/10) via
a single-mode fiber. The output signal of the wavemeter
serves as input to a servo loop controlling the frequency of
the laser. When locked, the remaining frequency fluctu-
ations of the blue laser light are measured to be 1.1 MHz
(rms) averaged over a time interval of 11 h, thus much
smaller than the natural linewidth of the atomic cooling
transition. Details on the stabilization scheme will be
published elsewhere.
The blue laser output is coupled to an optical path
system consisting of acousto-optical modulators (AOMs),
polarizing beam splitters (PBSs), waveplates, and fiber
couplers to deliver all the laser frequencies and powers
involved in the experiment, such as the 2D-MOT cool-
ing beam, the Zeeman slower beam, the pushing beam,
etc. [see Fig. 2(b)]. In the experiments described below,
the 2D-MOT cooling beam, the Zeeman slower beam and
the pushing beam have 1/e2 radii of 7.5 mm, 6 mm, and
0.7 mm, respectively. Their detuning from the atomic
resonance is typically −1.5 Γ, −7 Γ, and zero, respec-
tively, and their peak intensities are around 4 Isat (four
beams combined), Isat, and 0.2 Isat, respectively. Here
Isat denotes the saturation intensity of the transition and
is given by 43 mW/cm2. The Zeeman slower beam is
slightly focused at the position of the 2D-MOT trapping
area, and its detuning corresponds to the decreasing field
configuration. For the 2D-MOT cooling beam alignment,
we use the σ+ − σ− configuration, constructed by two
perpendicular pairs of retro-reflected laser beams with
circular polarizations.
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FIG. 2. (color online) Energy-level scheme and schematic of
the laser setup for the strontium 2D-MOT. (a) Energy dia-
gram of the bosonic strontium. 5s5p 3P2 is a dark state in
the laser cooling and trapping. It is also a reservoir state for
the magnetic-field trap. Spectroscopic parameters are taken
from Ref. [40]; decay rates involving 5s4d 1D2 can be found
in Ref. [34]. (b) Schematic of the laser setup. A frequency-
doubled Ti:sapphire laser system at a wavelength of 461 nm
is used to provide all laser beams for the experiment. The
Ti:sapphire laser frequency is stabilized by a High Finesse
wavemeter with a servo loop. QWP: quarter-wave plate;
HWP: half-wave plate; WLM: wavemeter.
III. COLD ATOMIC BEAM PROPERTIES
We first characterize the cold atomic flux of the stron-
tium 2D-MOT source by the TOF measurement [26]. We
apply a retroreflected laser beam on resonance with the
singlet transition (88Sr) to excite the cold atomic beam
emerging from the 2D-MOT. The linearly polarized exci-
tation beam (not shown in Fig. 1) propagates along the
z direction at a distance of 300 mm downstream from the
center of the 2D-MOT. It has a 1/e2 radius of 2.4 mm at
a power of 6 mW, corresponding to a maximum satura-
tion parameter of two beams s = I/Isat = 3. The atomic
fluorescence during the excitation is collected with a pho-
todiode and additionally monitored by a complementary
metal-oxide semiconductor (CMOS) camera. When ro-
tating the direction of the linear polarization of the ex-
citation beam, the fluorescence signal is found to simply
follow the classical dipole radiation pattern, as expected
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FIG. 3. (color online) The most probable longitudinal veloc-
ity, divergence, and the total flux of the atomic beam versus
the pushing beam light intensity, respectively. The insets in
(a) and (b) show the longitudinal velocity distribution and the
transverse distribution of the atomic beam at Ip = 0.33 Isat.
The field gradient is chosen to 50 G/cm, the oven tempera-
ture is 465 ◦C, and Zeeman slower loading was applied (see
Sec. V).
for this simple effective two-level system.
The temporal evolution of the fluorescence signal is
measured after suddenly turning off the pushing laser
beam, from which we then determine the information
about the atomic flux. The atomic flux distribution on
longitudinal velocity is then given by
5Φ(vx) = −η A˜`
vx
dU(t)
dt
, (1)
where vx is the longitudinal velocity, ` is the distance
from the 2D-MOT to the excitation beam, U(t) is the
voltage signal measured from the fluorescence, and η is a
calibration factor taking the overall detection efficiency,
excitation efficiency, and transimpedance gain of the flu-
orescence detector into account (see the Appendix for de-
tails). A˜ is the effective cross section of the cold atomic
beam at the excitation area, which can be deduced from
the measurement of beam divergence. By velocity inte-
gration of Eq. (1), the total atomic flux Φtot could be
determined.
We measure different parameters of the cold atomic
beam versus the pushing beam light intensity in Fig. 3.
Ip denotes the peak intensity, as also in the following
figures. The most probable velocity vp is obtained from
the measurement of Φ(vx) at each value of Ip [see the
inset of Fig. 3(a)]. It varies from 17 m/s to 49 m/s with
increasing Ip, and appears to increase at a smaller rate
beyond Isat.
The divergence angle θFWHM corresponding to the full
width at half maximum of the transverse distribution of
the atomic beam is analyzed by fluorescence imaging with
the CMOS camera. As an example, the inset of Fig. 3(b)
shows a typical measurement of transverse distribution
of the atomic beam. As seen in Fig. 3(b), θFWHM de-
creases with increasing Ip, which can be understood by
a simple model of the atomic cloud expansion based on
two effects which govern the expansion process. The first
one is the initial transverse velocity distribution of the
2D-MOT beam, which dominates the expansion process
at larger Ip. The Doppler temperature of 1.4 mK [tak-
ing laser detuning and the value of vp in Fig. 3(a) inset
into account] yields a beam divergence of 26 mrad. As vp
increases with increasing of Ip [see Fig. 3(a)], the expan-
sion time of the atomic beam becomes less to reach the
detection area for larger Ip. Therefore, the divergence of
atomic beam shows a decreasing trend with increasing Ip.
From the dependence of θFWHM at larger Ip, we estimate
that the transverse velocity distribution corresponds to
a temperature of 5 mK, which is larger than the Doppler
temperature of 1.4 mK. As an additional factor, the ge-
ometrical size of the differential pumping tube (14 mm
away from the center of the 2D-MOT) limits the beam
divergence to roughly 60 mrad, which explains the mea-
sured beam divergence at small Ip.
Through the above measurements of longitudinal ve-
locity distribution and beam divergence, we deduce the
total atomic flux Φtot as a function of pushing beam in-
tensity [see Fig. 3(c)] using Eq. (6) in the Appendix.
Φtot rises to 9 × 108 atoms/s with increasing Ip. Be-
yond saturation intensity the flux decreases to about
6 × 108 atoms/s. The rising of Φtot is correlated with
the increase of vp [see Fig. 3(a)], resulting in an increase
of the total atomic flux due to Eq. (6) in the Appendix.
However, although vp still increases with a larger Ip, the
total atomic flux no longer continues to rise but instead
decreases slightly. The reason is that the cooling process
of the 2D-MOT is perturbed by the force exerted by the
pushing beam. The optimum flux is achieved around the
saturation intensity of the pushing beam light intensity.
IV. LOADING OF A STRONTIUM 3D-MOT
The cold beam of atoms is used to load a 3D-
MOT located in a UHV chamber 335 mm downstream.
The setup, procedures, and parameters of the 3D-MOT
closely follow methods established by other groups (see,
e.g., Refs. [6, 34]). In our setup, the magnetic-field gradi-
ent of the 3D-MOT along z is typically set to 40 G/cm,
the combined trapping beam intensity is 2.5 Isat (six
beams combined, 1/e2 radius 6 mm) and the detuning
is chosen around -1 Γ.
Figure 4(a) plots the loading rate as a function of the
pushing beam light intensity. The loading rate reaches
a peak at pushing beam intensities around Ip = 0.2 Isat,
beyond which it decreases rapidly as Ip becomes larger.
The red triangles depict a model calculation, in which we
integrate the atomic flux as measured in Fig. 3 assum-
ing a finite capture velocity and acceptance solid angle of
the 3D-MOT [see Eq. (6) in the Appendix]. The latter
is determined by the size of the 3D-MOT’s laser beams.
Thus, the only free parameter in the model is the capture
velocity of the 3D-MOT. As the loading flux of the 3D-
MOT was measured under slightly different conditions
as the data given in Fig. 3 concerning 2D-MOT param-
eters, we have also included a scaling parameter of the
total loading rate which we find to range between 0.2
and 2. Comparison with measured data as shown, e.g.,
in Fig. 4(a), yields capture velocities between 20 m/s and
30 m/s, which lies slightly below an estimation based on
the actual parameters of the 3D-MOT laser intensities
and beam sizes.
From this model, we deduce that the initial increase
of the loading flux reflects the increasing total flux [see
Fig. 3(c)], while the decrease at larger pushing beam
intensities results from the finite capture efficiency of
longitudinal velocities beyond the capture velocity [see
Fig. 3(a)]. The estimated capture efficiency at maximum
loading rate is around 10%. By increasing the power
and diameter of the 3D-MOT cooling beams, the cap-
ture efficiency could be further enhanced, in principle.
However, constraints of our setup, in particular concern-
ing the laser power available and geometric constraints
of the laser beam sizes, currently impede significant im-
provements.
We also measure the loading rate as a function of
the 2D-MOT cooling beam light intensity, as depicted
in Fig. 4(b). The loading rate rises monotonically with
increasing 2D-MOT cooling beam light intensity beyond
a threshold value of about Isat. At larger intensities,
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FIG. 4. (color online) 3D-MOT loading rate as a function of
the pushing beam light intensity, the 2D-MOT cooling beam
light intensity, and the oven temperature. For each panel,
the unvaried parameters are set to 0.2 Isat, 4 Isat (four beams
combined), and 465 ◦C, respectively. (a) Loading rate ver-
sus the pushing beam light intensity. The triangles indicate
results of a model calculation. (b) Loading rate versus the
2D-MOT cooling beam light intensity. The solid line repre-
sents a fit with a model. (c) Loading rate versus the oven
temperature (using flux enhancement of the 2D-MOT by the
decreasing field Zeeman slower for this set of measurements).
The solid line represents a model calculating the flux from the
strontium vapor pressure and the 2D-MOT capture efficiency.
Details on all model calculations can be found in the text.
the loading rate begins to saturate. The red curve in
Fig. 4(b) is fitted by a simple model considering the
capture velocity dependence on the cooling beam light
intensity of the 2D-MOT. The total atomic flux of the
2D-MOT source scales with the fourth power of the cap-
ture velocity (Φ ∼ v4c ), which is a function of the cooling
beam light intensity I2D as v
2
c ∼ s/(s + 1), s = I2D/Isat
[35, 43]. While this model quantitatively captures the es-
sential trend of the observed data, it fails to qualitatively
reproduce the observed threshold of the loading rate at
smaller intensities.
The loading rate versus the oven temperature is shown
as a double-logarithmic plot in Fig. 4(c). The power-
law behavior can be reproduced by simply assuming
that the loading rate follows the vapor pressure of Sr
atoms in the oven. The solid curve in Fig. 4 is given by
Φ ∼ PSr(T )×T−5/2, where PSr(T ) is the saturated vapor
pressure of solid strontium at a temperature T [44]. The
additional factor of T−5/2 stems from the temperature
dependence of the captured atomic flux and total atomic
flux, as can be understood as follows. The normalized
velocity distribution of the hot atomic beam follows a
Maxwell-Boltzmann distribution of particle flux [45]. For
a small capture velocity vc, the fraction of velocity distri-
bution of the hot atomic flux within the range of capture
velocity scales with the mean velocity v as (v)−4. There-
fore, with the increase of the oven temperature, the frac-
tion of hot atoms captured in the 2D-MOT scales with
T−2. For a given vapor pressure, the total atomic flux of
the hot atoms is proportional to the product of the mean
velocity (T 1/2) and atomic density (T−1), which gives
a scaling of T−1/2, finally resulting in a T−5/2 depen-
dence. Comparing to this model, we conclude that there
is no additional loss mechanism up to oven temperatures
of 500 ◦C, where we obtain the maximum loading rate
of 9 × 108 s−1 in our experiment. We expect to achieve
much higher loading flux by further increasing oven tem-
perature, but so far did not dare to do so in order to
avoid rapid depletion of the oven or possible damage to
our apparatus.
V. EFFECT OF ZEEMAN SLOWING
Motivated by the results for a sodium 2D-MOT re-
ported in Ref. [36], we investigated the effect of an aux-
iliary Zeeman slower realized in the fringe fields of the
magnet configuration (see the right graph in Fig. 1).
Compared to an optimal gradient of ∼ 20 G/cm and a
much longer working distance of 300 mm of strontium
Zeeman slowers in the literature [23, 38], the region 1©
should be better suited for slowing strontium atoms.
Nevertheless, we find that region 2© is more effective for
Zeeman slowing. One possible reason is that the slowing
effect is disrupted in region 1© before atoms are trapped
in the 2D-MOT, due to collisions with surrounding hot
atoms.
By switching the Zeeman slower beam on and off,
7we measure the enhancement factor of the loading rate
into the 3D-MOT with and without the effect of Zee-
man slowing. Using the decreasing slope of the magnetic
field (indicated as region 2© in Fig. 1), a maximum en-
hancement of 4 is observed at an optimum detuning of
∆Z = −210 MHz (corresponding to −6.6 Γ) and a max-
imum available laser intensity of IZ = 1.2 Isat (1/e
2 ra-
dius 6 mm). We find that for a smaller detuning, the
enhancement factor is generally smaller and saturates at
a lower light intensity. For example, at the detuning of
∆Z = −175 MHz (−5.5 Γ), we observe an enhancement
factor of 3 at a low intensity of IZ = 0.3 Isat, where it
already shows clear signs of saturation versus power. At
the increasing slope of the magnetic field (region 1© in
Fig. 1) we also find an effect of Zeeman slowing, yet with
a smaller enhancement (factor of 2). As a comparison,
using the increasing slope of the magnetic field Lamporesi
et al. [36] measured an enhancement factor of 12 at laser
intensities corresponding to an order of magnitude higher
saturation for the Zeeman slower and larger beam diam-
eters capturing more atoms. Therefore, we would expect
a larger enhancement effect of the Zeeman slower if more
laser power was available in our setup.
VI. CONCLUSION
We have realized a transversely loaded 2D-MOT as a
source for cold strontium atoms, which is compact and
easy to implement into a more complex experimental set-
ting. The 2D-MOT source can generate an atomic flux
exceeding 109 atoms/s (for the isotope 88Sr) at a rather
moderate oven temperature of 500 ◦C. Both the longi-
tudinal velocity distribution and divergence of the cold
atomic beam are found to limit the loading efficiency of
the 3D-MOT, which is around 10% in our current setup.
One possible way to increase the capture efficiency is
to enlarge the waist of the 3D-MOT laser beams at the
expense of assigning more laser power to the 3D-MOT.
Also, a steady increase of the loading rate with the light
intensity of the 2D-MOT is observed showing only weak
indications of saturation.
The decreasing slope of the gradient magnetic field
has been observed to be efficient for realizing an auxil-
iary Zeeman slower to enhance the capture of atoms into
the 2D-MOT. As the maximum of the magnetic fringe
is reached at around 50 mm from the 2D-MOT location
(see Fig. 1), one might consider placing the strontium
oven at an even shorter distance than currently realized.
Thus, the atomic flux into the 2D-MOT could be fur-
ther increased. This feature might be advantageous for
the design of miniaturized cold strontium sources for ap-
plications, e.g., in satellite-based atomic clocks or atom
interferometers.
By adjusting the laser frequencies appropriately, we
have operated the 2D- and 3D-MOTs under conditions
to capture each of the stable isotopes of Sr. The load-
ing rates of all the stable isotopes of strontium at our
typically used oven temperature of 465 ◦C are summa-
rized in Table I. We find that for the bosonic isotopes
the loading rates in this experimental run are consistent
with the natural abundancies, which indicates that the
physical processes of the 2D-MOT and 3D-MOT do not
depend on the isotope, as expected from the simple level
structure. The slightly lower loading rate for fermionic
87Sr is likely due to its unresolved hyperfine structure on
the cooling transition.
Currently, the effect of blackbody radiation emerging
from an oven is one of the major limiting factors to the
performance of optical clocks based on strontium atoms
[48]. To avoid such problems in current setups using Zee-
man slowers, a mechanical shutter can be installed to
temporally block the atomic beam or use beam deflector
[39, 49]. As an advantage, the transversely loaded 2D-
MOT source neither causes contamination in the ultra-
high vacuum chamber nor produces significant blackbody
radiation, because there is no direct line of sight from the
high-temperature oven to the area in the UHV chamber,
where the experiments with the trapped ultracold atoms
are performed.
The atom flux could be further enhanced by increasing
the oven temperature, as we do not observe any satura-
tion of the loading flux with the increase of oven temper-
ature. For example, the atomic flux for 88Sr would in-
crease to the 1011 atoms/s range at temperatures around
600 ◦C, as estimated from the model described above.
The corresponding loading rates would then be compara-
ble to those of most reported strontium 3D-MOTs using
Zeeman slowers [49–51].
Note added in Proof. We recently became aware of a
2D-MOT based source of cold strontium atoms, which is
employed to load a trapped-ion array [52].
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APPENDIX
The measured fluorescence voltage signal U(t) in the
TOF measurement is given by
U(t) = ηˆ
~ωΓ
2
SdV n(t), (2)
8Isotope Statistics Abundance [40] ∆f (MHz) [46, 47] L (106 atoms/s) Lrel
88Sr Bosonic 82.58% 0 300(11) 1
87Sr Fermionic 7.00% -51.9 22(1) 0.87(6)
86Sr Bosonic 9.86% -124.8 38(1) 1.06(5)
84Sr Bosonic 0.56% -270.8 2.2(5) 1.0(3)
TABLE I. Overview of loading rates of all the stable isotopes of strontium (using flux enhancement of the 2D-MOT by the
decreasing field Zeeman slower for this set of measurements). ∆f is the relative frequency shift to 88Sr for the singlet cooling
transition. Lrel shows the relative loading rate scaled to the natural abundance.
where ~ is the reduced Planck constant, ω is the angu-
lar frequency of the fluorescence light, Γ is the sponta-
neous decay rate of the 5s5p 1P1 state, Sd is the effec-
tive saturation parameter of the excitation beam within
the detection volume V , and n(t) is the atomic density.
ηˆ = RGΩPD ToptFdip is a product of the photodiode sen-
sitivity R, the current-to-voltage transimpedance gain G,
the solid angle of detection ΩPD, the optical loss Topt,
and the weighting factor Fdip due to the dipole radiation
pattern.
The time derivative of n(t) with time can be expressed
as
dn(t)
dt
= −v
2
x
`
nv(vx), (3)
where nv(vx) is the atomic density distribution on the
longitudinal velocity vx, with vx = `/t.
Substituting Eq. (3) into Eq. (2), the time derivative
of U(t) can be expressed as
− dU(t)
dt
= − ηˆ~ωΓ
2
SdV
dn(t)
dt
= v2x
ηˆ~ωΓ
2`
SdV nv(vx).
(4)
Therefore, the longitudinal velocity distribution of the
atomic beam within a divergence angle θ can be written
as
Φ(vx) = A˜vxnv(vx) = −2 A˜`
vxηˆ~ωΓSdV
dU(t)
dt
, (5)
where A˜ = A
∫ Ωc
0
g(θ)dΩ is the effective cross section of
the atomic beam at the detection position. A is the cross
section of the total atomic flux. Ωc is the acceptance solid
angle of the atomic beam in the detection area. g(θ) is the
normalized transverse distribution of the atomic beam.
From Eq. (5), the calibration factor ηˆ = 2/(η~ωΓSdV ).
Then the total atomic flux is given by the integration
Φtot =
∫
Avx nv(vx)dvx. (6)
[1] B. Bloom, T. Nicholson, J. Williams, S. Campbell,
M. Bishof, X. Zhang, W. Zhang, S. Bromley, and J. Ye,
Nature (London) 506, 71 (2014).
[2] K. Beloy, N. Hinkley, N. B. Phillips, J. A. Sherman,
M. Schioppo, J. Lehman, A. Feldman, L. M. Hanssen,
C. W. Oates, and A. D. Ludlow, Phys. Rev. Lett. 113,
260801 (2014).
[3] Y. Takasu, K. Maki, K. Komori, T. Takano, K. Honda,
M. Kumakura, T. Yabuzaki, and Y. Takahashi, Phys.
Rev. Lett. 91, 040404 (2003).
[4] S. Kraft, F. Vogt, O. Appel, F. Riehle, and U. Sterr,
Phys. Rev. Lett. 103, 130401 (2009).
[5] Y. N. Martinez de Escobar, P. G. Mickelson, M. Yan,
B. J. DeSalvo, S. B. Nagel, and T. C. Killian, Phys.
Rev. Lett. 103, 200402 (2009).
[6] S. Stellmer, M. K. Tey, B. Huang, R. Grimm, and
F. Schreck, Phys. Rev. Lett. 103, 200401 (2009).
[7] X. Zhang, M. Bishof, S. L. Bromley, C. V. Kraus,
P. Zoller, A. M. Rey, and J. Ye, Science 345, 1467 (2014).
[8] R. Zhang, Y. Cheng, H. Zhai, and P. Zhang, Phys. Rev.
Lett. 115, 135301 (2015).
[9] G. Pagano, M. Mancini, G. Cappellini, L. Livi, C. Sias,
J. Catani, M. Inguscio, and L. Fallani, Phys. Rev. Lett.
115, 265301 (2015).
[10] M. Ho¨fer, L. Riegger, F. Scazza, C. Hofrichter, D. R.
Fernandes, M. M. Parish, J. Levinsen, I. Bloch, and
S. Fo¨lling, Phys. Rev. Lett. 115, 265302 (2015).
[11] A. J. Daley, M. M. Boyd, J. Ye, and P. Zoller, Phys.
Rev. Lett. 101, 170504 (2008).
[12] A. V. Gorshkov, A. M. Rey, A. J. Daley, M. M. Boyd,
J. Ye, P. Zoller, and M. D. Lukin, Phys. Rev. Lett. 102,
110503 (2009).
[13] B. McGuyer, M. McDonald, G. Iwata, M. Tarallo,
W. Skomorowski, R. Moszynski, and T. Zelevinsky, Na-
ture Phys. 11, 32 (2015).
[14] A. Ciamei, A. Bayerle, C.-C. Chen, B. Pasquiou, and
F. Schreck, Phys. Rev. A 96, 013406 (2017).
[15] J. Millen, G. Lochead, and M. P. A. Jones, Phys. Rev.
Lett. 105, 213004 (2010).
[16] L. I. R. Gil, R. Mukherjee, E. M. Bridge, M. P. A. Jones,
and T. Pohl, Phys. Rev. Lett. 112, 103601 (2014).
[17] F. Dunning, T. Killian, S. Yoshida, and J. Burgdo¨rfer,
J. Phys. B: At. Mol. Opt. Phys. 49, 112003 (2016).
[18] T. F. Gallagher, Rydberg Atoms, Vol. 3 (Cambridge Uni-
versity Press, Cambridge, UK, 2005).
[19] R. Mukherjee, J. Millen, R. Nath, M. P. A. Jones, and
9T. Pohl, J. Phys. B: At. Mol. Opt. Phys. 44, 184010
(2011).
[20] G. Lochead, D. Boddy, D. P. Sadler, C. S. Adams, and
M. P. A. Jones, Phys. Rev. A 87, 053409 (2013).
[21] P. McQuillen, X. Zhang, T. Strickler, F. B. Dunning,
and T. C. Killian, Phys. Rev. A 87, 013407 (2013).
[22] W. D. Phillips and H. Metcalf, Phys. Rev. Lett. 48, 596
(1982).
[23] I. Courtillot, A. Quessada, R. Kovacich, J. Zondy,
A. Landragin, A. Clairon, and P. Lemonde, Opt. Lett.
28, 468 (2003).
[24] Z. T. Lu, K. L. Corwin, M. J. Renn, M. H. Anderson,
E. A. Cornell, and C. E. Wieman, Phys. Rev. Lett. 77,
3331 (1996).
[25] S. Weyers, E. Aucouturier, C. Valentin, and N. Dimarcq,
Opt. Commun. 143, 30 (1997).
[26] K. Dieckmann, R. J. C. Spreeuw, M. Weidemu¨ller, and
J. T. M. Walraven, Phys. Rev. A 58, 3891 (1998).
[27] J. Schoser, A. Bata¨r, R. Lo¨w, V. Schweikhard,
A. Grabowski, Y. B. Ovchinnikov, and T. Pfau, Phys.
Rev. A 66, 023410 (2002).
[28] S. Go¨tz, B. Ho¨ltkemeier, C. S. Hofmann, D. Litsch, B. D.
DePaola, and M. Weidemu¨ller, Rev. Sci. Instrum. 83,
073112 (2012).
[29] P. Berthoud, A. Joyet, G. Dudle, N. Sagna, and
P. Thomann, Europhys. Lett. 41, 141 (1998).
[30] J. R. Kellogg, D. Schlippert, J. M. Kohel, R. J. Thomp-
son, D. C. Aveline, and N. Yu, Appl. Phys. B 109, 61
(2012).
[31] J. Catani, P. Maioli, L. De Sarlo, F. Minardi, and M. In-
guscio, Phys. Rev. A 73, 033415 (2006).
[32] M. Petersen, R. Chicireanu, S. T. Dawkins, D. V. Mag-
alha˜es, C. Mandache, Y. Le Coq, A. Clairon, and S. Bize,
Phys. Rev. Lett. 101, 183004 (2008).
[33] M. Witkowski, B. Nago´rny, R. Munoz-Rodriguez,
R. Ciury lo, P. S. Z˙uchowski, S. Bilicki, M. Piotrowski,
P. Morzyn´ski, and M. Zawada, Opt. Express 25, 3165
(2017).
[34] X. Xu, T. H. Loftus, J. L. Hall, A. Gallagher, and J. Ye,
J. Opt. Soc. Am. B 20, 968 (2003).
[35] T. G. Tiecke, S. D. Gensemer, A. Ludewig, and J. T. M.
Walraven, Phys. Rev. A 80, 013409 (2009).
[36] G. Lamporesi, S. Donadello, S. Serafini, and G. Ferrari,
Rev. Sci. Instrum. 84, 063102 (2013).
[37] S. Do¨rscher, A. Thobe, B. Hundt, A. Kochanke,
R. Le Targat, P. Windpassinger, C. Becker, and K. Sen-
gstock, Rev. Sci. Instrum. 84, 043109 (2013).
[38] M. Bober, J. Zachorowski, and W. Gawlik, Opt. Appl.
40, 547 (2010).
[39] M. A. Norcia, M. N. Winchester, J. R. Cline, and J. K.
Thompson, Sci. Adv. 2, e1601231 (2016).
[40] J. Sansonetti and G. Nave, J. Phys. Chem. Ref. Data 39,
033103 (2010).
[41] S. Stellmer and F. Schreck, Phys. Rev. A 90, 022512
(2014).
[42] S. Stellmer, F. Schreck, and T. C. Killian, Annual Re-
view of Cold Atoms and Molecules (World Scientific, Sin-
gapore, 2014), Vol. 2, pp. 1-80.
[43] C. Monroe, W. Swann, H. Robinson, and C. Wieman,
Phys. Rev. Lett. 65, 1571 (1990).
[44] C. B. Alcock, V. P. Itkin, and M. K. Horrigan, Can.
Metall. Q. 23, 309 (1984).
[45] H. Beijerinck and N. Verster, J. Appl. Phys. 46, 2083
(1975).
[46] E. Eliel, W. Hogervorst, T. Olsson, and L. Pendrill, Z.
Phys. A: Hadrons Nucl. 311, 1 (1983).
[47] H.-J. Kluge and H. Sauter, Z. Phys. 270, 295 (1974).
[48] M. S. Safronova, M. G. Kozlov, and C. W. Clark,
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 59, 439
(2012).
[49] T. Yang, K. Pandey, M. S. Pramod, F. Leroux, C. C.
Kwong, E. Hajiyev, Z. Y. Chia, B. Fang, and
D. Wilkowski, Eur. Phys. J. D 69, 226 (2015).
[50] I. R. Hill, Y. B. Ovchinnikov, E. M. Bridge, E. A. Curtis,
and P. Gill, J. Phys. B: At. Mol. Opt. Phys. 47, 075006
(2014).
[51] S. Bennetts, C.-C. Chen, B. Pasquiou, and F. Schreck,
arXiv:1707.05370.
[52] C. D. Bruzewicz, R. McConnell, J. Chiaverini, and J. M.
Sage, Nat. Commun. 7, 13005 (2016).
